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The  superior  suppression  of  aluminum  current  collector  oxidation  by  a  1.2  M  LiFSI  in  PYR13FSI  ionic  liquid 
electrolyte  is  demonstrated.  Addition  of  EC:EMC  (1:2  wt.)  is  shown  to  significantly  increase  the  severity 
of  parasitic  aluminum  oxidation.  Despite  leading  to  increased  aluminum  oxidation  at  high  voltages 
(>4.2  V  vs.  Li/Li+),  adding  organic  solvent  to  PYR13FSI  based  ionic  liquids  greatly  enhances  important 
electrochemical  properties.  The  ionic  conductivity  and  lithium  ion  transference  number  of  the 
PYR13FSI  +  1.2  M  LiFSI  electrolyte  increase  with  increasing  volumetric  content  of  organic  co-solvent 
(EC:EMC),  resulting  in  significant  improvements  to  high  rate  performance.  The  electrochemical  bene¬ 
fits  of  organic  co-solvent  addition  and  the  compatibility  of  the  PYR13FSI  +  1.2  M  LiFSI  electrolyte  with 
Li(Nii/3Mni/3Coi/3)02  demonstrated  in  this  study  substantiate  the  need  to  develop  strategies  to  suppress 
aluminum  oxidation  during  high  voltage  cycling  of  lithium-ion  batteries  in  ionic  liquid  electrolytes. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

While  lithium-ion  batteries  (LIBs)  offer  a  potentially  game¬ 
changing  energy  storage  technology,  safety  concerns  have  hin¬ 
dered  their  widespread  penetration  into  the  electric  vehicle  market 
and  have  discouraged  their  consideration  in  grid  level  applications. 
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Many  of  these  safety  concerns  stem  from  the  utilization  of  volatile 
organic  electrolytes.  Currently  commercialized  LIB  technology  is 
based  on  electrolytes  comprised  of  mixtures  of  organic  carbonate 
solvents  containing  lithium  hexafluorophosphate  (LiPFe)  as  a  salt. 
These  electrolytes  are  preferred  due  to  their  high  ionic  conductiv¬ 
ities  and  compatibility  with  commercialized  electrode  materials, 
but  their  flammability  and  high  volatility  must  be  addressed  [1,2]. 

In  order  to  mitigate  electrolyte  related  safety  risks  without 
realizing  a  loss  in  performance,  a  new  class  of  non-aqueous  elec¬ 
trolyte  should  be  developed.  Due  to  their  non-flammability, 
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negligible  vapor  pressures,  thermal  stabilities,  high  voltage  stability 
windows,  and  sufficient  ionic  conductivities,  room  temperature 
ionic  liquids  (RTILs  or  ILs)  represent  promising  options  as  additives 
or  drop-in  replacements  for  organic  electrolytes  in  LIBs  [3-8]. 
Extensive  efforts  are  being  made  to  develop  high  performance  RTIL 
based  electrolytes  that  are  compatible  with  state  of  the  art  elec¬ 
trode  materials  [9-19],  with  a  number  of  studies  demonstrating 
the  favorable  electrochemical  properties  of  pyrrolidinium-based 
ionic  liquids  [20,21]  and  ionic  liquids  containing  the  bis(tri- 
fluoromethanesulfonyl)imide  (TFSI-)  [22-26]  or  bis(fluoro 
sulfonyl)imide  (FSP)  anion  [8-10,20,22,27-35].  Recent  research 
has  shown  that  pyrrolidinium  and  imidazolium  FSI-based  ionic 
liquids  have  higher  conductivities  compared  to  their  corresponding 
TFSI-based  analogs  due  to  lower  solution  viscosities  [9,16,29,36]  as 
well  as  adequate  compatibility  with  electrode  materials  such  as 
graphite,  LiCo02,  and  Li(Nii/3Mni/3Coi/3)02  [9,11].  Despite  these 
efforts  to  develop  high  performance  electrolytes  based  on  the  FSI 
chemistry,  improvements  in  ionic  conductivity  must  be  made  in 
order  to  compete  with  commercialized  organic  electrolytes. 

Various  strategies  can  be  employed  to  enhance  the  electro¬ 
chemical  performance  of  IL  based  electrolytes.  By  lowering  the 
viscosity  of  ionic  liquids  using  organic  solvents,  significant  in¬ 
creases  in  ionic  conductivity  and  lithium  ion  mobility  can  be  ach¬ 
ieved  [4,13,37,38  .  Addition  of  an  organic  solvent  has  also  been 
shown  to  improve  solid-electrolyte  interphase  (SEI)  formation  and 
stability  on  low  voltage  anode  materials  such  as  lithium  metal  or 
graphite  [14,34,39-43  .  Unfortunately,  the  addition  of  organic 
solvent  to  certain  FSI  and  TFSI  based  ILs  leads  to  a  severe  parasitic 
side  reaction  involving  oxidation  of  the  aluminum  metal  conven¬ 
tionally  used  as  a  current  collector  substrate  on  the  cathode  of  LIBs 
[23,44,45].  While  work  has  been  done  to  characterize  the  solvent 
dependent  oxidative  dissolution  mechanism  for  aluminum  corro¬ 
sion  in  TFSI-based  electrolytes,  relatively  little  work  has  been  done 
to  characterize  similar  effects  in  FSI-based  electrolytes  and  the  in¬ 
fluence  of  such  electrolyte  solutions  on  electrochemical  cycling 
performance. 

This  study  examines  the  electrochemical  properties  of  N-methyl- 
N-propyl-pyrrolidinium  bis(fluorosulfonyl)imide  (PYR13FSI)  ILs, 
developing  a  deeper  understanding  of  the  effect  of  increasing  co¬ 
solvent  content  in  PYR^FSI-based  electrolytes  on  aluminum 
oxidation  behavior.  Most  notably,  this  research  substantiates  the 
electrochemical  benefits  of  adding  organic  solvents  to  ILs  by 
demonstrating  increased  ionic  conductivities,  increased  Li+  trans¬ 
ference  numbers,  and  the  improved  high  rate  performance  of  Li(Nii/ 
3Mni/3Coi/3)02  in  mixtures  of  PYR13FSI  and  carbonate  solvent. 
Chronoamperometry,  cyclic  voltammetry  (CV),  and  scanning  elec¬ 
tron  microscopy  (SEM)  were  used  to  identify  parasitic  aluminum 
corrosion  via  the  oxidative  dissolution  mechanism,  and  potentio- 
galvanostatic  cycling  was  utilized  to  characterize  the  effect  of 
aluminum  oxidative  dissolution  on  battery  cycling  and  rate  perfor¬ 
mance  ofLi(Ni1/3Mn1/3Coi/3)02  half-cells  with  PYR13FSI  +  1.2  M  LiFSI 
based  electrolytes. 

2.  Experimental 

2.2.  Electrolyte  preparation 

PYR13FSI  was  the  ionic  liquid  selected  for  this  study.  Ionic  liquid 
solutions  were  provided  by  Boulder  Ionics  Corporation  (U.S.A.)  and 
scanned  for  halide  impurities.  Impurities  (F_,  CU,  Br_,  SO4)  were 
quantified  using  a  Dionex  ICS-1100  ion  chromatograph,  calibrated 
for  sensitivities  as  low  as  1  ppm.  All  ionic  liquids  and  lithium  salts 
used  in  this  study  were  subjected  to  ion  chromatography,  and  the 
total  impurity  content  of  every  solution  prepared  was  calculated 
based  off  the  mass  percentage  of  electrolyte  component  in  the  total 


mass  of  the  electrolyte.  The  solutions  contained  less  than  20  ppm 
(w/w)  of  moisture  and  less  than  10  ppm  (w/w)  of  halide  and  metal¬ 
ion  impurities.  Ethylene  carbonate  (EC):ethyl  methyl  carbonate 
(EMC)  (BASF)  mixed  in  a  1 :2  weight  ratio  was  utilized  as  organic  co¬ 
solvent  and  added  to  the  PYR13FSI  electrolytes  in  10%  vol.  and 
50%  vol.  mixtures.  LiFSI  or  LiTFSI,  provided  by  Boulder  Ionics  Corp., 
was  added  in  a  1.2  M  concentration  subsequent  to  mixing  of  the 
electrolyte  solvents. 

2.2.  Electrode/electrochemical  cell  fabrication 

To  evaluate  the  aluminum  corrosion  behavior,  high-grade 
aluminum  foil  (ESPI  Metals;  25  pm  thick;  >99.5%  purity)  was 
punched  into  1.27  cm  diameter  disks,  rinsed  in  dimethyl  carbonate 
(DMC)  and  dried  at  120  °C  in  a  vacuum  oven  for  12  h  before  testing. 
Composite  electrodes  were  fabricated  using  Li(Nii/3Mni/3Coi/3)02 
powder  material  (Johnson  Controls),  acetylene  black  (Alfa  Aesar, 
AB)  as  a  conductive  additive,  and  polyvinyldene  fluoride  (Kynar, 
PVDF)  binder  in  a  weight  ratio  of  (85:7.5:7.5).  The  composite  was 
cast  onto  clean,  high-grade  aluminum  foil  current  collector  using  a 
5  mil  doctor  blade  to  achieve  an  active  material  mass  loading  of 
approximately  3  mg  cm-2.  The  electrodes  were  dried  for  12  h  at 
80  °C.  In  order  to  ensure  adequate  electrical  contact  and  to  improve 
overall  energy  density,  the  electrodes  were  calendared  to  75%  of 
their  initial  thickness.  Electrode  disks  of  1.27  cm  diameter  were 
punched  and  then  dried  at  120  °C  in  a  vacuum  oven  for  12  h  before 
testing. 

Corrosion  cells  contained  a  high-grade  aluminum  foil  disk 
working  electrode  and  lithium  foil  counter  electrode.  Electro¬ 
chemical  cycling  tests  utilized  Li(Nii/3Mni/3Coi/3)02  positive  elec¬ 
trodes  and  lithium  foil  negative  electrodes.  Both  configurations 
were  assembled  in  aluminum  clad  2032  coin-type  cells  (Pred / 
Hohsen).  Glass  microfibre  filters  (Whatman;  grade  GF/F)  were 
wetted  with  the  IL-ECEMC  solutions  and  used  as  the  electrolyte 
separator. 

2.3.  Electrochemical  characterization 

Cyclic  voltammetry  was  performed  on  corrosion  cells  by  cycling 
potential  between  3.0  V  and  4.6  V  vs.  Li/Li+  at  a  scan  rate  of 
1  mV  s^1  (Solartron  1280C).  Chronoamperometry  was  performed 
on  aluminum  corrosion  cells  containing  each  electrolyte  solution. 
Assembled  corrosion  cells  containing  each  electrolyte  composition 
were  allowed  to  rest  for  5  min.  The  working  electrode  potential  was 
ramped  from  open  circuit  voltage  (OCV)  to  4.2  V  vs.  Li/Li+  at  a 
sweep  rate  of  1  mV  s_1  and  held  for  12  h;  the  potential  was  then 
ramped  from  4.2  V  to  4.6  V  vs.  Li/Li+  at  a  sweep  rate  of  1  mV  s^1  and 
held  for  24  h  (Arbin  BT2000).  The  current  was  continuously 
monitored  during  voltage  ramps  and  holds.  Subsequent  to  chro¬ 
noamperometry,  corrosion  cells  were  disassembled  and  the 
aluminum  foil  working  electrode  was  washed  in  DMC.  Low- 
vacuum  scanning  electron  microscopy  (JEOL  SEM  6480LV)  was 
performed  on  the  surface  of  the  Al  electrode. 

Lithium  transference  number,  t+i  u,  was  determined  for  elec¬ 
trolytes  containing  LiFSI  salt  using  the  potentiostatic  polarization 
(PP)  method  devised  by  Bruce  and  Vincent  et  al.  [46,47]  and 
adapted  for  liquid  electrolytes,  including  IL  based  electrolytes  [48- 
50  .  EIS  and  potentiostatic  polarization  (Solartron  1280C)  were 
performed  on  cells  containing  lithium  foil  electrodes,  which  were 
scraped  clean  to  ensure  minimal  charge  transfer  resistance,  in  coin¬ 
type  cells.  EIS  was  performed  between  a  frequency  range  of 
20  kHz-10  mHz  with  an  a.c.  amplitude  of  10  mV.  <7ionic  was 
determined  for  electrolytes  containing  LiFSI  using  the  standard 
complex  impedance  method  on  a  Solartron  1280C  for  a  frequency 
range  of  20  kHz-10  mHz.  Constant  current-constant  voltage  (CC- 
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CV)  cycling  of  Li(Nii/3Mni/3Coi/3)02  half-cells  was  carried  out  be¬ 
tween  3.0  and  4.2  V  vs.  Li/Li+  and  3.0-4.5  V  vs.  Li/Li+  at  room 
temperature  in  Al  clad  coin-type  cells  (Arbin  BT2000).  Rate  studies 
were  carried  out  with  discharge/charge  rates  increasing  to  8C 
before  extended  cycling  at  a  rate  of  1C,  with  the  1C  rate  corre¬ 
sponding  to  a  current  density  of  about  380  pA  cm-2. 

3.  Results  and  discussion 

3.1.  Oxidation  behavior  of  aluminum  current  collector 

Preliminarily,  an  experimental  matrix  was  designed  to  system¬ 
atically  characterize  the  compatibility  of  PYR13FSI  +  1.2  M  LiFSI 
electrolytes  with  the  aluminum  current  collector  substrate  during 
cycling  of  high  voltage  cathode  materials.  These  results  were 
compared  with  a  similar  study  of  1.2  M  LiTFSI  in  PYR13FSI  in  order 
to  gain  further  insight  into  the  electrochemical  performance  of 
PYR13FSI  when  coupled  with  different  lithium  salts.  Previous  work 
suggests  that  electrolyte  solutions  comprised  of  LiFSI  salt  in  organic 
solvent  are  capable  of  suppressing  aluminum  oxidation  more 
effectively  than  combinations  of  the  same  solvent  with  LiTFSI  salt 
[9].  Our  results  prove  that  the  same  is  true  in  PYR^FSI-based 
electrolytes. 

Inspection  of  the  initial  CV  cycle  of  corrosion  cells  containing 
TFSP  based  salt  reveal  irreversible  anodic  currents  indicative  of 
aluminum  oxidation  on  the  surface  of  the  metal.  This  effect  in¬ 
creases  in  magnitude  with  the  addition  of  organic  solvent.  Fig.  1 
presents  initial  CV  cycles  and  chronoamperometric  data  for  elec¬ 
trolytes  containing  TFSP.  The  most  severe  oxidative  behavior  oc¬ 
curs  in  the  solution  containing  50%  vol.  organic  solvent  (Fig.  la), 
with  the  initial  CV  shape  representing  that  of  typical  aluminum 
corrosion  CV  curves  [45,46].  Chronoamperometric  data  supports 
this  finding.  During  prolonged  charging  at  4.6  V  vs.  Li/Li+,  oxidative 
current  densities  exceeded  70  pA  cm-2  in  the  solution  containing 
50%  vol.  organic  solvent  and  remained  under  5  \iA  cm-2  and 
2  pA  cm-2  in  corrosion  cells  containing  10%  vol.  organic  solvent  and 
pure  IL,  respectively  (Fig.  lb).  As  currents  are  observed  to  increase 
during  chronoamperometry  of  cells  containing  organic  solvent,  it  is 
determined  that  TFSP  is  unable  to  successfully  passivate  the 
aluminum  current  collector  surface.  The  solvent  dependent  current 
amplitudes  shown  in  CV  and  chronoamperometry  are  in  agreement 
with  a  previous  study  conducted  by  Kiihnel  et  al.  23]  on  PYR14TFSI- 
solution  induced  aluminum  corrosion,  but  the  significantly  lower 
current  amplitudes  found  in  our  work  lead  us  to  believe  that  the 
FSP  anion  in  the  ionic  liquid  is  itself  capable  of  suppressing 
aluminum  oxidation  to  some  degree. 

Inspection  of  the  initial  CV  cycle  of  aluminum  foil  discs  in 
PYR13FSI  +  1.2  M  LiFSI  solutions  reveal  much  lower  irreversible 
oxidative  current  densities  than  those  seen  with  PYR13FSI  +  1.2  M 
LiTFSI  solutions.  Fig.  2  presents  initial  CV  cycles  and  chro¬ 
noamperometric  data  for  electrolytes  containing  FSP.  Oxidative 
current  densities  observed  during  CV  of  corrosion  cells  with  FSI- 
based  ILs  are  also  dependent  on  volumetric  content  of  organic 
solvent,  reaching  1.44  pA  cm-2  in  solutions  containing  50%  vol. 
organic  solvent  (Fig.  2a).  Chronoamperograms  of  aluminum 
corrosion  cells  in  the  same  solutions  reveal  significant  aluminum 
oxidation  only  in  cells  containing  organic  solvent  (Fig.  2b).  During  a 
24  h  constant  voltage  period  at  4.6  V  vs.  Li/Li+,  oxidative  currents 
reach  about  8  pA  cm-2  in  cells  containing  50%  vol.  organic  solvent 
and  remain  below  4  pA  cm-2  and  1  pA  cnrP2  for  cells  containing 
10%  vol.  organic  solvent  and  pure  IL,  respectively.  As  the  oxidative 
current  densities  for  cells  containing  pure  ionic  liquid  and  10%  vol. 
organic  solvent  do  not  continually  increase  over  prolonged 
charging,  it  is  determined  that  the  FSP  anion  is  able  to  passivate  the 
aluminum  surface  to  a  higher  degree  than  TFSP.  This  demonstrates 
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Fig.  1.  Cyclic  voltammograms  (a)  showing  the  first  voltage  scans  and  chronoampero¬ 
grams  (b)  of  aluminum  corrosion  cells  with  electrolyte  solutions  comprised  of  mix¬ 
tures  of  PYR13FSI  +  1.2  M  LiTFSI  and  various  volumetric  amounts  of  EC:EMC  (1:2  wt.). 


that  the  LiFSI  salt  is  strongly  favored  for  protection  against 
aluminum  oxidation  in  PYR13FSI  based  electrolytes. 

High-resolution  SEM  micrographs  provided  in  Fig.  3  show  that 
the  oxidative  current  densities  observed  in  CV  and  chro¬ 
noamperometry  resulted  in  significant  changes  to  the  Al  foil’s 
surface  morphology.  Fig.  3a-c  indicates  visible  corrosion  by  solu¬ 
tions  containing  LiTFSI  salt,  with  surface  corrosion  becoming  most 
severe  in  the  solution  containing  50%  vol.  organic  solvent.  Large  pits 
were  formed  on  the  Al  sample  charged  in  the  solution  containing 
50%  vol.  organic  solvent,  with  pit  diameters  approaching  300  pm. 
Non-uniform  coloring  in  the  SEM  images  is  also  indicative  of 
corrosion,  as  gradients  in  shading  represent  changes  in  the  sam¬ 
ple’s  surface  roughness.  The  Al  samples  charged  in  pure  RTIL  so¬ 
lution  and  solution  containing  10%  vol.  organic  solvent  show  non- 
uniform  coloring,  with  the  sample  charged  in  solution  containing 
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Fig.  2.  Cyclic  voltammograms  (a)  showing  the  first  voltage  scans  and  chro- 
noamperograms  (b)  of  aluminum  corrosion  cells  with  electrolyte  solutions  comprised 
of  mixtures  of  PYR13FSI  +  1.2  M  LiFSI  and  various  volumetric  amounts  of  EC: EMC 
(1:2  wt.). 


10%  vol.  organic  solvent  showing  severe  shading  gradients  indica¬ 
tive  of  the  formation  of  surface  pits.  The  SEM  micrographs 
corroborate  the  CV  and  chronoamperometry  results,  showing  more 
severe  corrosion  in  cells  containing  LiTFSI  salt. 

While  the  observed  aluminum  oxidation  was  less  severe  in  cells 
containing  the  LiFSI  salt,  SEM  micrographs  provided  in  Fig.  3d-f 
prove  that  the  oxidative  current  in  PYR13FSI  +  1.2  M  LiFSI  solution 
containing  50%  vol.  organic  solvent  was  sufficient  to  form  large  pits 
on  the  surface  of  the  aluminum  metal.  Pits  on  this  sample  were 
observed  with  diameters  exceeding  150  pm.  The  Al  charged  in  pure 
IL  shows  uniform  coloring  while  the  image  of  the  Al  charged  in  a 
solution  of  10%  vol.  organic  solvent  shows  a  non-uniform  distri¬ 
bution  of  regions  of  lighter  or  darker  coloring.  This  spotting  is  most 
apparent  on  the  Al  sample  that  was  charged  in  a  solution  of  50%  vol. 


organic  solvent,  with  corrosion  sites  evolving  into  surface  pitting. 
The  combination  of  CV,  chronoamperometry,  and  microscopy  data 
suggests  that  pitting  corrosion  results  from  the  oxidative  dissolu¬ 
tion  mechanism  characterized  in  TFSI-  based  electrolytes  [23  .  The 
suggested  oxidative  dissolution  of  aluminum  occurs  through  a 
mechanism  initiated  by  sulfonyl  imide  anion  attack  of  the  native 
oxide  layer  on  the  surface  of  the  aluminum  current  collector  (AI2O3) 
at  high  potentials  (>4.2  V  vs.  Li/Li+).  The  ions  subsequently  form  Al- 
imide  complexes,  e.g.  A1(FSI)3,  which  are  solvated  by  organic  car¬ 
bonates  in  the  electrolyte  solution,  thereby  leaving  large  pits  in  the 
aluminum  sheet  and  introducing  metal  ions  into  the  electrolyte. 
Furthermore,  this  study  shows  that  PYR13FSI  +  1.2  M  LiFSI  based 
electrolytes  containing  10%  vol.  or  less  of  organic  solvent  suppress 
aluminum  corrosion  to  a  significant  degree,  especially  when 
exposed  to  voltages  <4.2  V  vs.  Li/Li+. 

3.2.  Organic  solvent  addition  and  rate  performance  of  Li(Niy3Mny 
3COy3)02 

Despite  finding  significant  aluminum  corrosion  in  mixtures  of 
PYR13FSI  +  1.2  M  LiFSI  and  organic  solvent,  we  demonstrate  the 
ability  of  organic  solvent  to  greatly  increase  the  electrochemical 
performance  of  such  electrolytes.  It  is  widely  accepted  that  solution 
viscosity  is  the  most  important  factor  determining  an  IL’s  ionic 
conductivity.  Therefore,  ILs  containing  smaller  ions,  which  lead  to 
lower  viscosities,  are  preferred.  The  relationship  between  viscosity 
and  conductivity  is  defined  by  the  Walden  Rule,  which  states  that 
the  product  of  the  limiting  molar  conductivity,  Am,  and  the  sol¬ 
vent’s  viscosity,  77,  is  constant  [51  ].  ILs  have  been  found  to  obey  this 
relationship  [49,51  ],  and  the  addition  of  organic  solvent  to  ILs  is  one 
strategy  for  lowering  solution  viscosity  [4,37]. 

This  work  supports  the  claim  that  adding  organic  solvent  to  ILs 
can  increase  lithium  ion  conductivity  and  mobility  by  showing  that 
addition  of  a  carbonate-based  co-solvent  to  PYR13FSI  +  1.2  M  LiFSI 
leads  to  significantly  increased  ionic  conductivities.  Ionic  conduc¬ 
tivities  for  PYR^FSI-based  solutions  are  provided  in  Table  1.  The 
benefits  of  organic  solvent  addition  to  ILs  are  substantiated  by  a 
rate  study  of  Li(Nii/3Mni/3Coi/3)02  half-cells  in  mixtures  of 
PYR13FSI  +  1.2  M  LiFSI  and  EC: EMC  (1:2  wt.).  Rate  study  results  are 
presented  in  Fig.  4.  Cells  were  cycled  at  rates  from  C/10  to  8C  be¬ 
tween  3  and  4.2  V  vs.  Li/Li+.  Half-cells  containing  50%  vol.  organic 
solvent  show  significantly  increased  capacities  at  all  rates  tested, 
maintaining  specific  discharge  capacities  above  90  mAh  g-1  at  the 
rate  of  8C.  This  contrasts  the  rate  performance  of  cells  containing 
pure  IL,  which  show  capacities  of  approximately  56  mAh  g-1  at  the 
8C  rate. 

Furthermore,  Li(Nii/3Mni/3Coi/3)02  half-cells  show  highly  sta¬ 
ble  cycling  behavior  for  at  least  25  cycles  at  the  rate  of  1C  subse¬ 
quent  to  the  rate  test,  with  cells  containing  50%  vol.  organic  solvent 
and  10%  vol.  organic  solvent  maintaining  >98%  discharge  capacity 
and  cells  containing  pure  IL  maintaining  >99%  discharge  capacity. 
Because  the  specific  capacities  during  rate  increase  steps 
(increasing  rates  in  steps  from  1C  to  8C)  are  equal  to  the  corre¬ 
sponding  specific  capacities  during  decreasing  rate  steps,  it  is 
suggested  that  the  IL  based  electrolytes  do  not  induce  degradation 
of  the  Li(Nii/3Mni/3Coi/3)02  structure  under  high  current 
densities. 

In  order  to  further  investigate  the  effect  of  organic  solvent 
addition  to  ILs  on  electrochemical  performance,  lithium  ion  trans¬ 
ference  numbers  (t+>  u)  were  determined  for  each  solution  utilized 
in  the  rate  study.  t+j  u,  which  is  defined  as  the  fraction  of  the  total 
current  passed  through  the  cell  by  Li+  ions,  has  implications  for  rate 
performance  and  cycling  stability  [50  .  While  <7ionic  describes  the 
electrolyte  solution’s  contribution  to  ohmic  overpotential  losses 
during  electrochemical  cycling,  t+i  Li  describes  contributions  to 
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Fig.  3.  SEM  micrographs  taken  subsequent  to  extended  charging  of  Al  corrosion  cells  at  4.6  V  vs.  Li/Li+  in  electrolyte  solutions  comprised  of  pure  PYR13FSI  +  1.2  M  LiTFSI  (a),  1.2  M 
LiTFSI  in  PYR13FSI  +  10%  vol.  EC:EMC  (b),  1.2  M  LiTFSI  in  PYR13FSI  +  50%  vol.  EC:EMC  (c),  pure  PYR13FSI  +  1.2  M  LiFSI  (d),  1.2  M  LiFSI  in  PYR13FSI  +  10%  vol.  EC:EMC  (e),  and  1.2  M  LiFSI 
in  PYR13FSI  +  50%  vol.  EC:EMC  (f). 


Table  1 

Lithium  transference  numbers,  specific  ionic  conductivities,  and  aluminum  oxida¬ 
tion  charge  transfer  coefficients  for  electrolyte  solutions  comprised  of  mixtures  of 
PYRi3FSI  +  1.2  M  LiFSI  and  various  volumetric  amounts  of  EC:EMC  (1:2  wt.).  All 
measurements  were  conducted  at  room  temperature. 


Electrolyte  composition 

4,  Li 

bionic  (mS  cm  :) 

PC  (1.5  M  LiPF6) 

PYRi3FSI  (1.2  M  LiFSI) 

PYR13FSI  +  10%  vol.  EC:EMC  (1.2  M  LiFSI) 
PYRi3FSI  +  50%  vol.  EC:EMC  (1.2  M  LiFSI) 

0.37125  ±  0.0493 

0.14769  ±  0.0328 

0.19785  ±  0.0405 

0.40968  ±  0.0584 

3.9735  ±  0.3413 
5.0322  ±  0.1501 

7.8639  ±  1.254 

concentration  overpotential  losses.  It  follows  that  a  low  t+<  u  limits 
power  output  and  leads  to  poor  performance  at  high  rates,  whereas 
a  high  t+)  u  reduces  the  effects  of  concentration  polarization  while 
allowing  for  high  power  output. 


t+i  u  was  determined  through  the  PP  method  developed  by 
Bruce  and  Vincent  et  al.,  in  which  the  cation  transference  number  is 
determined  by  dividing  the  steady-state  cationic  current  by  the 
initial  current  passing  through  the  cell  just  after  applying  a  small 
polarizing  voltage  [46,47].  For  small  polarizations,  t+i  u  is  found 
using  Equation  (1 ),  where  7SS  is  the  steady-state  current,  7o  the  initial 
current,  AV  the  applied  potential  (10  mV),  and  Rss  and  Ro  the 
electrode-electrolyte  interfacial  resistances  after  and  before  po¬ 
larization,  respectively  [48]. 

_  /Ss(AV-/0Ro)  m 

+’Ll  I0(\V  -  ISSRSS)  (  J 

In  order  to  ensure  accuracy  of  our  experiments,  the  PP  method 
was  verified  using  1.5  M  LiPF6  propylene  carbonate  (PC)  solution 
and  the  results  were  found  to  agree  with  literature  values  [52  .  The 


Fig.  4.  Rate  study  of  Li(Nii/3Mni/3Coi/3)02  half-cells  containing  electrolyte  solutions  comprised  of  mixtures  of  PYRi3FSI  +  1.2  M  LiFSI  and  various  volumetric  amounts  of  EC:EMC 
(1:2  wt.).  Electrochemical  cycling  was  performed  at  room  temperature  between  3  and  4.2  V  vs.  Li/Li+. 
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Fig.  5.  PP  method  data  for  extraction  of  t+i  u  for  PYR13FSI  +  1.2  M  LiFSI. 


PP  method  data  for  the  pure  ionic  liquid  sample  is  shown  in  Fig.  5 
and  is  representative  of  PP  method  data  for  all  samples.  t+>  Li  values 
for  the  PYRoFSI-based  solutions  are  provided  in  able  1.  The  £+t  u 
value  determined  for  the  pure  IL  electrolyte  was  0.14769  ±  0.0328, 
which  correlates  with  literature  t+t  u  values  for  PYR13FSI  based 
electrolytes  [50  .  It  was  found  that  t+t  u  of  PYR13FSI  +  1.2  M  LiFSI 
electrolytes  increases  significantly  with  the  addition  of  organic 
solvent.  As  organic  solvent  is  added  to  the  IL  solutions,  the  relative 
concentrations  of  PYR^3  and  FSP  decrease  while  Li+  concentration 
remains  fixed  at  1.2  M.  It  is  suggested  that  the  effects  of  two-cation 
competition  decrease  as  the  relative  concentration  of  PYR^3  de¬ 
creases,  allowing  Li+  to  carry  a  larger  portion  of  faradic  current 
during  cycling.  Consequently,  it  is  expected  that  the  concentration 
gradients  which  develop  during  charge  and  discharge  of  electro¬ 
chemical  cells  containing  1.2  M  LiFSI  in  PYR13FSI  +  50%  vol.  EC: EMC 
are  significantly  less  severe  than  those  which  develop  in  the  pure  IL 
electrolyte.  The  higher  values  of  t+t  u  in  IL  based  electrolytes  con¬ 
taining  organic  solvent  contribute  to  their  higher  rate  performance 
in  our  Li(Nii/3Mni/3Coi/3)02  half-cells.  In  addition  to  providing 
high-rate  cycling  stability,  the  significantly  higher  t+t  u  value  for  the 
PYR13FSI  electrolyte  containing  50%  vol.  organic  solvent  allows  for 
remarkably  less  overpotential  loss  during  charge-discharge 
cycling.  Overpotential  effects  are  illustrated  by  comparing  cycling 
voltage  profiles  provided  in  Fig.  6.  This  phenomenon  is  particularly 
evident  as  the  rates  are  increased,  demonstrating  the  value  of  high 
t+>  u  and  its  relationship  to  electrochemical  cycling  behavior. 
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Fig.  6.  Charge-discharge  voltage  profiles  of  Li(Nii/3Mni/3Coi/3)02  half-cells  containing  electrolyte  solutions  comprised  of  mixtures  of  PYR13FSI  -1- 1.2  M  LiFSI  and  various  volumetric 
amounts  of  EC:EMC  (1:2  wt.)  at  rates  of  1C  (a),  2C  (b),  4C  (c),  and  8C  (d). 
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Fig.  7.  High  voltage  potentio-galvanostatic  cycling  of  Li(Nii/3Mni/3Cc>i/3)02  half-cells  containing  electrolyte  solutions  comprised  of  mixtures  of  PYRi3FSI  +  1.2  M  LiFSI  and  various 
volumetric  amounts  of  EC:EMC  (1:2  wt.).  Charge/discharge  rates  were  held  constant  at  C/10  (a)  and  1C  (b). 


In  order  to  fully  realize  the  advantages  in  energy  and  power 
density  of  high-voltage  cathode  materials  such  as  Li(Nii/3Mni/3Coi/ 
3)02,  electrochemical  cells  containing  such  materials  should  be 
cycled  to  voltages  higher  than  4.2  V  vs.  Li/Li+.  Fig.  7  provides  spe¬ 
cific  discharge  capacities  for  Li(Nii/3Mni/3Coi/3)02  half-cells  con¬ 
taining  each  electrolyte  solution  under  high  voltage  cycling 
conditions.  Li(Nii/3Mni/3Coi/3)02  cells  show  very  poor  cycling  sta¬ 
bility  when  cycled  between  3  and  4.5  V  vs.  Li/Li+.  While  half-cells 
containing  pure  IL  maintain  >95%  capacity  after  20  cycles  at  a 
rate  of  C/10  during  cycling  between  3  and  4.5  V  vs.  Li/Li+,  cells 
containing  10%  vol.  organic  solvent  and  50%  vol.  organic  solvent 
maintain  only  >85%  capacity  and  >75%  capacity,  respectively,  un¬ 
der  the  same  cycling  conditions  (Fig.  7a).  The  poor  cycling  stability 
is  exacerbated  at  higher  rates  and  is  shown  to  be  irreversible,  as  the 
capacity  lost  during  high  voltage  cycling  is  not  recovered  when  the 
cycling  voltage  range  is  lowered  to  3-4.2  V  vs.  Li/Li +  (Fig.  7).  The 
poor  cycling  stability  is  attributed  to  the  introduction  of  aluminum 
into  the  electrolyte  following  the  oxidative  dissolution  process, 
most  likely  leading  to  increased  resistance  through  the  bulk  of  the 
cell  and  possibly  leading  to  performance-limiting  interactions  with 
the  layered  cathode  material. 

While  the  addition  of  organic  solvent  to  PYR13FSI  +  1.2  M  LiFSI  is 
shown  to  lead  to  a  parasitic  oxidation  reaction  with  the  aluminum 


current  collector  conventionally  used  in  lithium-ion  batteries,  the 
enhancements  in  conductivity,  lithium  transference  number,  and 
rate  performance  are  significant.  It  is  therefore  of  great  interest  to 
suppress  the  aluminum  oxidation  process  in  order  to  enable  high 
performance  ionic  liquid  based  electrolytes  for  application  in 
lithium-ion  batteries. 


4.  Conclusions 

In  this  paper  we  demonstrated  that  PYR13FSI  +  1.2  M  LiFSI 
shows  higher  compatibility  with  aluminum  current  collectors  than 
PYR13FSI  +  1.2  M  LiTFSI  electrolytes.  The  oxidation  of  aluminum  in 
such  IL  solutions  increases  with  addition  of  organic  solvent,  and  the 
oxidative  dissolution  mechanism  was  characterized  in  corrosion 
cells  containing  LiFSI  salt  in  PYR13FSI.  Furthermore,  we  demon¬ 
strated  that  the  addition  of  organic  solvent  to  the  PYR13FSI  +  1.2  M 
LiFSI  electrolyte  leads  to  higher  ionic  conductivities  and  higher 
lithium  transference  numbers,  and  these  enhanced  electrochemical 
properties  allow  for  significantly  increased  rate  performance  in 
Li(Nii/3Mni/3Coi/3)02  half-cells  when  cycled  at  room  temperature 
between  3  and  4.2  V  vs.  Li/Li+.  The  use  of  organic  solvents  in 
combination  with  ILs  was  substantiated  as  a  convenient  and 
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effective  strategy  for  the  realization  of  high  performance,  non¬ 
flammable  electrolyte  solutions  for  lithium-ion  batteries. 
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